and circular muscle layers of the gut and primarily provides motor innervation to the smooth muscle and secretomotor innervation to the mucosa. The submucosal plexus is located between the circular muscle layer and the muscularis mucosa and primarily innervates the 
, 1995). In order to examine postnatal
Mutants die between 3 and 8 weeks of age and are roles for erbB2 and to distinguish the different roles frequently less than half the size of littermate controls erbB2 may play in different cell types, conditional muat the time of death. The mutants display a phenotype tants of erbB2 were created in which the erbB2 gene is that mimics human Hirschsprung's disease, including disrupted only in specific cell types. ErbB2/nestin-Cre an enlarged abdomen, a constricted distal colon, and a mice lack erbB2 expression in the ENS and colonic epidistended proximal colon ( Figure 1D ). ErbB2 floxed mice thelial cells, whereas erbB2/P0-Cre mice lack erbB2 exthat do not contain the nestin-Cre transgene, or nestinpression in the ENS. ErbB2/nestin-Cre, but not erbB2/ Cre mice that contain at least one wild-type erbB2 allele P0-Cre, mutant mice display retarded growth, distended are indistinguishable from wild-type mice and are used colons, and premature death-a phenotype that mimics as controls. Hirschsprung's (HSCR) disease in humans. Closer examination reveals a loss of enteric neurons and glia in the colon, the diagnostic features of HSCR disease. The ErbB2/Nestin-Cre Mice Display a Loss of Enteric loss of enteric neurons and glia occurs postnatally and is Neurons in the Colon due to the loss of erbB2 signaling in the colonic epithelial
The similarity between erbB2/nestin-Cre mice and HSCR cells, suggesting a novel mechanism for the manifestadisease patients prompted examination of the ENS in contion of this phenotype. ditional mutant mice. As AChE is expressed in almost all enteric neurons (Blaugrund et al., 1996), AChE histoResults chemistry was used to detect enteric neurons in the myenteric plexus of whole-mount preparations of colon ErbB2 Conditional Mutant Mice Were Generated and small intestine in wild-type and conditional mutant Using the Cre-LoxP System mice. As shown in Figure 2A , erbB2/nestin-Cre mice In order to examine postnatal roles for erbB2 and to show a dramatic reduction of enteric neurons in the distinguish the different roles erbB2 may play in different colon compared to control littermates. The loss of neucell types, conditional mutants of erbB2 were created rons is observed in 2-week-old mutant mice and inusing the Cre-LoxP system. A mouse line was concreases in severity with age until death of the animal. structed in which the first exon and a portion of the Quantitation of enteric neuron number of P24 mice reerbB2 promoter are flanked by LoxP recombination sites veals 55% fewer AChE-positive neurons/mm 2 in the myas described in Experimental Procedures (Figures 1A enteric plexus of the colon but not small intestine of and 1B). This modified erbB2 locus is called the erbB2 erbB2/nestin-Cre conditional mutant mice compared to floxed allele. Homozygous animals carrying erbB2 floxed controls ( Figure 2C ). alleles display no overt phenotype and are fertile. Mice A loss of AChE activity could reflect a loss of enteric containing erbB2 floxed alleles were bred to mice bearneurons or simply a loss of AChE expression by enteric ing a transgene in which the Cre coding sequence is neurons. In order to distinguish between these possibiliexpressed under the control of the nestin promoter. This ties, whole-mount preparations of colon and small intesline of nestin-Cre mice has previously been used to tine from 4-week-old mice were immunostained with achieve almost complete recombination of a NT-3 floxed antibodies against neuronal tubulin (TuJ1) (Figure 3 demonstrates a dramatic loss of S100-␤ immunoreactivity in the colon of erbB2/nestin-Cre mice at this age antibody specific for the neuronal marker PGP9.5 showed similar innervation of the mucosa in both control (data not shown). Immunostaining for GFAP, another marker for enteric glia, confirms the reduction of glia in and conditional mutant mice (data not shown).
Enteric glia, like enteric neurons, are derived from colons of 4-week-old mutants (data not shown). These data demonstrate that although erbB2 is not essential neural crest cells which migrate into the developing bowel (Burns and Le Douarin, 1998). Enteric glia are for the embryonic development of the ENS, it is required for the maturation or maintenance of the ENS after birth. important for enteric neuron survival and maintaining bowel integrity (Bush et al., 1998). Therefore, the develDespite the lack of an observable phenotype at birth, we cannot rule out the possibility that a subtle defect opment and maintenance of enteric glia were examined in erbB2 conditional mutant mice. Whole-mount prepain embryonic development of the ENS or gut is responsible for the phenotype that manifests later in postnatal rations of colons and small intestines of erbB2/nestinCre and control mice were immunostained for S100-␤, development. a marker for enteric glia, and neuronal tubulin (TuJ1). The small intestines of control and erbB2/nestin-Cre
Nestin-Cre Transgene Induces Recombination in the Enteric Nervous System and Colonic mutant mice are indistinguishable at birth and at 4 weeks of age (data not shown). Although there is a dramatic
Epithelial Cells In order to understand why enteric neurons and glia reduction of both S100-␤-positive glia and TuJ1-positive neurons in the myenteric plexus of mutant colons in are lost in the colons of erbB2/nestin-Cre mice, it is necessary to determine where in the gastrointestinal 4-week-olds compared to controls, there is no apparent Figure 5C ). Neither erbB2 nor erbB3 mRNA is detected by in situ hybrid-5A, arrowheads), but only in rare cells of the small intestinal mucosa ( Figure 5B ). Although recombination apization in the myenteric or submucosal plexuses of control colons at these ages. However, low levels of erbB2 pears in a variegated pattern in the colonic mucosa, the loss of enteric neurons in erbB2/nestin-Cre mice occurs and erbB3 mRNA by enteric neurons or glia beyond the detection limit of our method cannot be ruled out. ErbB4 throughout the colon. mRNA is not detected in the small intestine or colon at any stages examined (data not shown). ImmunoreactivErbB2 Is Not Required Cell Autonomously for Enteric Neuron Survival ity for neuregulin, a ligand for erbB receptors, is present in epithelial cells of the colon and in the enteric ganglia Despite recombination occurring in the ENS of both the small intestine and colon, a loss of enteric neurons and ( Figure 5D ).
As an alternative method to verify in which cell types glia occurs only in the colon. These results suggest that the requirement for erbB2 for enteric neuron survival recombination occurs, nestin-Cre transgenic mice were 
